The interaction of Ultra High Energy Cosmic Rays (UHECRs) with the atoms of the atmosphere can occur at center-of-mass energies that surpass 100 TeV, while present human-made accelerators go up to 13 TeV. Therefore it provides a unique opportunity to explore hadronic interactions at the highest energies. However, the extraction of hadronic interaction properties from the Extensive Air Showers (EAS) characteristics, which are induced by the UHECR, is intrinsically related to the nature of the primary cosmic ray. As such, to break the degeneracy between hadronic interactions and primary mass composition, a consistent description of the shower observables must be achieved. Such detailed studies have been conducted in the last years at the Pierre Auger Observatory, the largest UHECRs detector in the world. It combines two complementary techniques to measure the EAS characteristics. In this talk, we will present the latest measurements on shower observables, both on the electromagnetic and muonic shower components, and its interpretation in terms of the primary mass composition. Its impact regarding particle physics will be discussed, in particular the measurement of the proton-air cross section. Finally, through the joint analysis of the different measurements, it will be shown that none of the post-LHC high-energy hadronic interaction models can satisfactorily describe the data.
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Introduction
Ultra High Energy Cosmic Rays are the most energetic known particles and yet their origin and nature remain a mystery. These particles arrive at Earth with a very scarce flux making its direct detection practically impossible. Fortunately, the interaction of UHECRs with the Earth atoms at the top of the atmosphere produces huge particle showers that can be detected. These are known as Extensive Air Showers (EAS), and can be either sampled at ground or, in moonless nights, can be detected via the collection of the fluorescence photons that are produced by the atmosphere nitrogen molecules due to the development of the shower.
The Pierre Auger Observatory [1] is the world largest experiment to study UHECRs. It has a surface detector (SD) composed by more than 1600 Water Cherenkov Detectors (WCD), over an area of 3000 km 2 , to sample the charged secondary shower particles that reach the ground. It comprises also 4 Fluorescence Detector (FD) buildings, each with 6 telescopes, that survey the whole array.
The hybrid nature of the Pierre Auger Observatory (SD+FD) is one of its strongest features. An absolute energy scale can be derived for the SD, whose energy reconstruction is model dependent, using high quality shower events recorded independently by each technique. Also the geometrical shower reconstruction benefits from the joint analysis. Moreover, hybrid event analyses provide the observatory with an additional handle on the understanding of EAS physics.
UHECR energy spectrum
The cosmic ray energy spectrum encloses information about the UHECRs sources and its distribution, production mechanisms and propagation. The results of the measurement of the UHECRs arrival flux from a combined analysis of SD (vertical and inclined events) and hybrid events (SD + FD) [2] are presented in figure 1. This energy spectrum has been measured using about 8 years of data 1 , with an exposure that surpasses 30 000 km 2 sr yr. The high energy region is dominated by SD events as the exposure is higher, while the lowest energy region benefits from the hybrid events. The exposure calculation for the latter is performed using the periods of the telescopes operation and applying Monte Carlo simulations to obtain the aperture. All the measurements are combined into a single energy spectrum through a maximum likelihood fit procedure.
The final result is an energy spectrum with very small statistical uncertainty in most energy regions. Data has been fitted to a power law bellow the ankle and a power law with a smoothed suppression above to emphasise the main features of the energy spectrum. Two features are clearly identified: a change in the spectral index, around log(E/eV) = 18.72, referred to as the ankle; and a suppression of the flux above log(E/eV)= 19.63. Although this suppression is consistent with the GKZ effect [4, 5] , it could also be explained by the sources exhaustion to accelerate UHECRs. These two scenarios would have very different mass composition evolutions. In fact, a large fraction of protons at the highest energy would be an indication of the presence of the GZK effect. On the other hand, a continuous evolution of the UHECRs towards a heavier composition would signal the existence of a source exhaustion mechanism. Thus, UHECRs mass composition is a key element to understand the sources mechanisms and UHECRs propagation. brid spectrum down by 6%. Compared to the previous publication, the precision in determining the spectral index below the ankle has increased significantly, mainly due to the addition of the 750 m array. We report a slightly flatter spectrum below the ankle (now: 3.23 ± 0.01 (stat) ± 0.07 (sys), previous publication: 3.27 ± 0.02) and an increase of E a (now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publication: 18.61 ± 0.01) [22] . The large systematic uncertainties in g 1 are dominated by the uncertainty of the resolution model used for correcting the measured flux. At the same time, the uncertainty in the energy scale of 14% is propagated into the final result. The combined energy spectrum is compared to fluxes from three astrophysical scenarios in Fig. 6 . Shown are models assuming pure proton or iron composition. The fluxes result from different assumptions of the spectral index b of the source injection spectrum and the source evolution parameter m. The model lines have been calculated using CRPropa [30] and validated with SimProp [31].
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Primary mass composition
The nature of UHECRs can be inferred from the shower observables. One of the most composition sensitive observables measured in Auger is the depth at which the shower reaches its maximum, X max . This quantity is measured by the Fluorescence Detector following quality cuts described in [6] . These cuts include reconstruction performance, cuts on the atmosphere conditions, namely the amount of aerosols, and cuts on the field of view so that the distribution does not get biased.
The primary mass composition was obtained by fitting the energy binned X max distributions considering a specific hadronic interaction model. Four elements were considered for the primary mass composition: proton, helium, nitrogen and iron. The results are displayed in figure 2. Although the fit results clearly depend on the choice of the hadronic interaction model general trends can be observed. At lower energies (E ∼ 10 18 eV) all models prefer a light composition with a significant fraction of protons. As the energy increases, the mass composition slowly evolves towards a heavier composition. At the highest possible FD energies, all the models prefer a composition dominated by intermediate mass states (helium and nitrogen) with almost no presence of proton nor iron. It is important to notice that, as this is FD data, there are no events for the energy region where the suppression of the energy spectrum occurs.
Particle physics measurements
The interpretation in terms of primary mass composition depends of the knowledge on the shower description. This means that the understanding of high-energy hadronic interactions is crucial. However, this is also an opportunity to do particle physics at energies that surpass those One striking result is the presence of a large fraction of protons in the energy range of the ankle. At the same time, according to the Auger data, the anisotropy of the arrival directions of these protons cannot be larger than a few percent. This is in contradiction to the 435 expectations for light particles produced in Galactic sources, given the current knowledge of propagation in the Galactic magnetic field [109, 110] . Thus the protons at energies as low as 10 18 eV are most likely of extragalactic origin, or one has to accept rather extreme assumptions about the Galactic magnetic field.
Another surprising observation is the disappearance of the proton component just below 440 10 19 eV and, at the same time, the appearance of a helium component. There are indications that a similar transition from helium to the nitrogen mass group could take place at higher energy, but the statistics of the data of the fluorescence telescopes are not high enough to be conclusive. We will not attempt here to speculate on the origin of these transitions and only point out that we do not have enough composition-sensitive data to derive the composition 445 at energies higher than 10 19 eV, even if we understood hadronic interactions much better than now.
Finally we want to mention that there are indications for a possible re-appearance of a proton component at high energy that could be related to the possible anisotropy on small angular scales observed above 5.5⇥10 19 eV. With respect to the model scenarios we will 450 discuss below, confirming the existence of a proton population at the highest energies would indicate another class of sources, possibly distributed over cosmological distances. These protons are expected to be correlated in arrival direction with their sources and could open [7] reached currently by the Large Hadron Collider (LHC). In this section we present some of the particle physics related measurements done at Auger.
Proton-air cross-section
The depth of the shower maximum, X max , depends on the shower development. In particular, the exponential tail of the X max distribution is very sensitive to the primary cross-section. Moreover, among all the possible hadronic primaries, proton has the smallest cross-section and consequently, proton induced showers have the deepest X max . By selecting the deepest showers, if there is a sufficient amount of proton elements in data, it is possible to estimate the proton-air cross-section. Auger has performed this measurement using FD events with energy in the range log(E/eV ) ∈ [18; 18.5] (with an average value of √ s = 57 TeV) and reported 2 a proton-air cross-section of σ p−air = [505 ± 22 (stat) +28 −36 (syst)] mb (see figure 3 (left)) [9] . The main sources of systematic uncertainties for this measurement are the fraction of photons and helium. The first can be estimated from data while the latter was assumed to be less than 25%.
It is possible to interpret this measurement in terms of proton-proton inelastic cross-section using a Glauber formalism. This exercise is presented in figure 3 (right). It is interesting to note that the Auger data point is within 1σ of the accelerator measurements extrapolation.
EAS muon content in inclined events
Being produced in the decay of charged mesons and having a large probability of reaching the ground, muons are an important tool to assess the hadronic component of the shower. Although the SD is sensitive to both the electromagnetic and muonic shower components, in inclined showers most of the electromagnetic component of the shower gets absorbed in the atmosphere. Hence, [18] [19] [20] [30] [31] [32] [33] [34] for references) and model predictions. The inner error bars are statistical, while the outer include systematic uncertainties for a helium fraction of 25 % and 10 mb for the systematic uncertainty attributed to the fraction of photons.
that σ prod p -air is over-estimated depending on the percentages of helium in the data sample. Lack of knowledge of the helium fraction is the dominant source of systematic uncertainty.
We also find that the nuclei of the CNO-group introduce no bias for fractions up to ∼ 50 %, and accordingly we assign no uncertainty in the cross-section due to these or heavier nuclei.
In Table I we list the sources of systematic uncertainties. As the helium fraction is not known we show the impact of 10, 25 and 50 % of helium respectively. In what follows we include a systematic uncertainty related to a helium fraction of 25 %. In the extreme case, were the cosmic-ray composition to be 100 % helium, the analysis would over-estimate the proton-air cross-section by 300 to 500 mb. Given the constraints from accelerator data at lower energies and typical model assumptions, this extreme scenario is not realistic.
We summarise our results by averaging the four values of the cross-section obtained with the hadronic interaction models to give σ prod p -air = 505 ± 22(stat) +28 −36 (sys) mb at a center-of-mass energy of [ 57 ± 0.3(stat) ± 6(sys) ] TeV. In Fig. 2 we compare this result with model predictions and other measurements. The measurements at the highest energies are: HiRes [18] and Fly's eye [2] that are both based on X max , Yakutsk Array [19] using Cherenkov observations and Akeno [20] measuring electron and muon numbers at ground level. All these analyses assume a pure proton composition. In the context of a possible mixed-mass cosmic-ray composition, this can lead to large systematic effects. Also all these analyses are based on a single interaction model for describing air 
from accelerator measurements to the energy of the analysis. This is achieved by modifying the model-predictions of hadronic cross-sections above energies of 10 15 eV during the air-shower simulation process in a self-consistent approach.
We convert the proton-air production cross-section into the total, and the inelastic, proton-proton crosssection using a Glauber calculation that includes intermediate inelastic screening corrections. In this calculation we use the correlation between the elastic slope parameter and the proton-proton cross-sections taken from the interaction models as a constraint. We find that the inelastic proton-proton cross-section depends less on the elastic slope parameter than does the total proton-proton cross-section, and thus the systematic uncertainty of the Glauber calculation for the inelastic result is smaller. The data agree with an extrapolation from LHC [29] energies to 57 TeV for a limited set of models. Acknowledgments. The successful installation, commissioning, and operation of the Pierre Auger Observatory would not have been possible without the strong commitment and effort from the technical and administrative staff in Malargüe.
We are very grateful to the following agencies and organizations for financial support: Comisión Na- Comparison between the Auger proton-air cross-section measurement and the result of previous experiments along with theoretical models predictions. The inner error bars are statistical, while the outer include systematic uncertainties for a helium fraction of 25% and 10 mb for the systematic uncertainty attributed to the fraction of photons. Right: Comparison of derived proton-proton σ inel to model predictions and accelerator data. [9] the measurement of the signal at the ground allows to assess the EAS muon content. The results of this analysis as a function of energy are shown in figure 4 (left) [10] . Within the systematic uncertainties, data is compatible with a heavier composition in the full energy range. Moreover, the trend seems to indicate a transition in terms of mass composition, again towards heavier elements. 
where N ðR μ Þ is a Gaussian with mean hR μ i and spread σ½R μ as obtained from the fit. The deviation of hln R μ i from lnhR μ i is only 2% so that the conversion does not lead to a noticeable increase in the systematic uncertainty. Several consistency checks were performed on the data set. We found no indications for a seasonal variation, or for a dependence on the zenith angle or the distance of the shower axis to the fluorescence telescopes.
V. MODEL COMPARISON AND DISCUSSION
A simple comparison of our data with air showers simulated at the mean zenith angle θ ¼ 67°with the hadronic interaction models QGSJETII-04 and EPOS LHC is shown in Fig. 4 . The ratio hR μ i=ðE=10
19 eVÞ cancels most of the energy scaling, and emphasizes the effect of the cosmic-ray mass A on the muon number. We compute the ratio from Eq. (4) (line), and alternatively by a binwise averaging of the original data (data points). The two ways of computing the ratio are visually in good agreement, despite minor bin-to-bin migration effects that bias the binwise method. The fitting approach we used for the data analysis avoids the migration bias by design.
Proton and iron showers are well separated, which illustrates the power of hR μ i as a composition estimator. A caveat is the large systematic uncertainty on the absolute scale of the measurement, which is mainly inherited from the energy scale [38] . This limits its power as a mass composition estimator, but we will see that our measurement contributes valuable insights into the consistency of hadronic interaction models around and above energies of 10 19 eV, where other sensitive data are sparse.
A hint of a discrepancy between the models and the data is the high abundance of muons in the data. The measured muon number is higher than in pure iron showers, suggesting contributions of even heavier elements. This interpretation is not in agreement with studies based on the depth of shower maximum [40] , which show an average logarithmic mass hln Ai between proton and iron in this energy range. We note that our data points can be moved between the proton and iron predictions by shifting them within the systematic uncertainties, but we will demonstrate that this does not completely resolve the discrepancy. The logarithmic gain dhln R μ i=d ln E of the data is also large compared to proton or iron showers. This suggests a transition from lighter to heavier elements that is also seen in the evolution of the average depth of shower maximum.
We will now quantify the disagreement between model predictions and our data with the help of the mass composition inferred from the average depth hX max i of the shower maximum. A valid hadronic interaction model has to describe all air shower observables consistently. We have recently published the mean logarithmic mass hln Ai derived from the measured average depth of the shower maximum hX max i [40]. We can therefore make predictions for the mean logarithmic muon content hln R μ i based on these hln Ai data, and compare them directly to our measurement.
We consider QGSJET01, QGSJETII-03, QGSJETII-04, and EPOS LHC for this comparison. The relation of hX max i and hln Ai at a given energy E for these models is in good agreement with the prediction from the generalized Heitler model of hadronic air showers,
where hX max i p is the average depth of the shower maximum for proton showers at the given energy and f E an energy-dependent parameter [4, 41] . The parameters hX max i p and f E were computed from air shower simulations for each model. We derive a similar expression from Eq. hln
Since N μ ∝ R μ , we can replace ln N μ by ln R μ . The same can be done in Eq. (2), which also holds for averages due to the linearity of differentiation. We estimate the systematic uncertainty of the approximate Heitler model by computing β from Eq. (11), and alternatively from dhln R μ i p =d ln E and dhln R μ i Fe =d ln E.
The three values would be identical if the Heitler model was accurate. Based on the small deviations, we estimate σ sys ½β ¼ 0.02. By propagating the systematic uncertainty of β, we arrive at a small systematic uncertainty for the predicted logarithmic muon content of σ sys ½hln R μ i < 0.02.
With Eqs. (9)- (10), we convert the measured mean depth hX max i into a prediction of the mean logarithmic muon content hln R μ i at θ ¼ 67°for each hadronic interaction model. The relationship between hX max i and hln R μ i can be represented by a line, which is illustrated in Fig. 5 . The Auger measurements at 10 19 eV are also shown. The discrepancy between data and model predictions is shown by a lack of overlap of the data point with any of the model lines.
The model predictions of hln R μ i and dhln R μ i=d ln E are summarized and compared to our measurement in Figs. 6-7, respectively. For QGSJETII-03, QGSJETII-04, and EPOS LHC, we use estimated hln Ai data from Ref. [40] . Since QGSJET01 has not been included in that reference, we compute hln Ai using Eq. (9) The four hadronic in matching our measureme content hln R μ i. QGSJET updated after the first LHC for these models, and EP than QGSJETII-04. Yet n the total uncertainty inte 1.4σ. To reproduce the hi mean muon number arou have to be increased by other hand the prediction to the truth, the Auger increased by a similar fac self-consistent description clusions about the mass absolute muon content re Interestingly, if one confronts the value of this measurement, R µ , with the X max measurement at E = 10 19 eV one finds that none of the present post-LHC tuned hadronic interaction models can provide a consistent solution in terms of primary mass composition. This conclusion is achieved even considering all the measurements systematic uncertainties.
Auger has also measured the profile of the depth at which muons are produced during the development of each shower, the muon production depth (MPD), and published the evolution of the average depth of the maximum of the MPD profile, X µ max , as a function of energy [11] . The measurement of the MPD profile is done with SD events using the geometrical delay of the muons, i.e. combining the shower geometry with the arrival time of these particles. The analysis needs to be performed in regions dominated by muons and as such it uses inclined events (θ ∼ 60 • ) and regions away from the shower core. Similarly to the X max results, but with larger uncertainties, the data indicates an increase of heavier elements as the energy increases. It is important to note that, as this analysis is performed with the SD, it can reach higher energies.
VII. DISCUSSION
Under the assumption that air-shower simulations are a fair representation of reality, we can compare them to data in order to infer the mass composition of UHECRs. For interaction models (like those used for Fig. 8 ) that assume that no new physics effects appear in hadronic interactions at the energy scales probed by Auger, the evolution of the mean X μ max values indicates a change in composition as the energy increases. Data show a flatter trend than pure proton or pure iron predictions (35.9 AE 1.2 and 48.0 AE 1.2 g=cm 2 =decade, respectively 5 ). We measure a value of dhX μ max i=dlog 10 E ¼ −25 AE 22ðstatÞ AE 21ðsystÞ g=cm 2 =decade. This value deviates from a pure proton (iron) composition by 1.8 ð2.3Þσ.
In Fig. 8 , we observe how QGSJETII-04 and EPOS-LHC estimate, for both protons and iron, a similar muonic elongation rate (evolution of X μ max with energy) but with considerable differences in the absolute value of X μ max . While the Auger data are bracketed by QGSJETII-04 , they fall below the EPOS-LHC estimation for iron. Therefore, the study of the MPD profile can also be used as a tool to constrain hadronic interaction models.
X max and X μ max are strongly correlated, mainly by the depth of first interaction [29, 36] . According to simulations, the correlation factor between these two observables is ≥ 0.8. Therefore, similarly to X max , X μ max is correlated with the mass of the incident cosmic ray particle. We can thus convert both observables into hln Ai using the same in combination with FLUKA 2011.2b.4 as a low-energy interaction model does not offer a consistent description of the electromagnetic and muonic components of the EAS. With QGSJETII-04/FLUKA, we obtain compatible values for ln A, but it should be noted that, in contrast to EPOS-LHC , this model has problems to describe in a consistent way the first two moments of the ln A distribution obtained from the X max measurements done with the FD [8] . We conclude from the comparisons shown in Ref. [8] and here that none of the interaction models recently tuned to LHC data provide a consistent description of the Auger data on EM and MPD profiles.
The found discrepancies underline the complementarity of the information provided by the longitudinal profiles of the electromagnetic particles and the muons. The EM profile in a shower originates mainly from the decay products of high-energy neutral pions produced in the first few interactions and is thus closely related to the features of hadronic interactions at very high energies. In contrast, the MPD profile is an integral measure of high and intermediate energy interactions, as most charged pions decay only once they have reached energies below 30 GeV. While details of interactions at a few 100 GeV are insignificant for the EM profile, they are of direct relevance to muons. Hence, the measurement of muon profiles provides valuable insight that sets additional constraints on model descriptions and will help to improve our understanding of hadronic interactions. Brackets correspond to the systematic uncertainties. [11] Similarly to what was presented in the previous section, the X µ max results can be compared to the X max , measured by the FD, to test the shower description. In average, both shower observables should be interpreted in terms of the same primary mass composition. Failing to do so would reveal problems in the shower physics description. To perform this test both X max and X µ max are converted to the average logarithm of the primary mass number, ln A , under the assumption of a given hadronic interaction model, figure 5 . From this figure it is clear that EPOS-LHC cannot provide a consistent solution in terms of mass composition for both observables. Notice also that although QGSJet-II.04 shows a consistent treatment of the shower considering X max and X µ max , it fails to describe at the same time the EAS muon content, R µ , and X max .
VIII. CONCLUSIONS

Final Remarks
The Pierre Auger Observatory is the world's largest experiment dedicated to the study of UHECRs. It has measured the end of the cosmic ray energy spectrum with enough statistics to firmly establish the presence of an ankle and a suppression at the highest energies. However, the interpretation of these structures in terms of astrophysical constraints depends on the nature of UHECRs.
Auger has presented measurements of shower observables sensitive to the primary mass composition. All the measurements indicate a lighter composition at lower energies, which becomes gradually heavier as the energy of the primary increases. The interpretation of data in terms of mass composition depends on the modelling of the shower. Auger has performed several measurements to assess the hadronic interaction properties and delivered some particle physics measurements. One of the most relevant is the measurement of the proton-air cross-section at √ s = 57 TeV. Moreover, through the combination of several observables sensitive to both primary mass composition and hadronic interactions, Auger was able to demonstrate that none of the up-to-date hadronic interaction models is able to provide a fully consistent description of the shower.
The obtained results pushed the collaboration to move towards an upgrade to measure the electromagnetic and muonic shower components at ground separately. This shall be achieved by installing a scintillator detector, which is mostly sensitive to the electromagnetic particles, on top of each water Cherenkov detector, which measures both components. Through this upgrade the observatory enhances not only the identification of the primary mass composition in a event-by-event basis, but also will be able to gain a deeper understanding of the shower physical mechanisms.
